The leukemic fusion gene AML1-MDS1-EVI1 (AME) encodes a chimeric transcription factor that results from the t(3,21)(q26;q22) translocation seen in patients with acute myeloid leukemia, with therapy-related myelodysplastic syndrome, or with chronic myeloid leukemia in blast crisis. The myeloid transcription factor CEBPA is crucial for normal granulopoiesis. Here, we found that conditional expression of AME suppresses CEBPA protein by 90.8% and DNA-binding activity by 93.9%. In contrast, CEBPA mRNA levels remained unchanged. In addition, we detected no differences in CEBPA mRNA levels in leukemic blasts of patients carrying the AME translocation (n ‫؍‬ 8) compared to acute myeloid leukemia patients with a normal karyotype (n ‫؍‬ 9). CEBPA protein and binding activity, however, were reduced significantly (100% and 92.1%, respectively) in AME patient samples. Furthermore, we observed that calreticulin (CRT), a putative inhibitor of CEBPA translation, was strongly activated after induction of AME in the cell-line system (14.8-fold) and in AME patient samples (12.2-fold). Moreover, inhibition of CRT by small interfering RNA powerfully restored CEBPA levels. These results identify CEBPA as a key target of the leukemic fusion protein AME and suggest that modulation of CEBPA by CRT may represent a mechanism involved in the differentiation block in AME leukemias.
A cute myeloid leukemia (AML) is a clonal malignant disease characterized by a block in normal myeloid differentiation leading to the accumulation of immature hematopoietic cells in the bone marrow and peripheral blood (1) . AML is characterized further by the presence of specific balanced chromosome rearrangements that create novel fusion genes (2) . However, little is known about the mechanisms of how such fusion genes contribute to the differentiation block.
AML1-MDS1-EVI1 (AME) is a chimeric fusion gene observed in patients with de novo or therapy-related AML, with therapy-related myelodysplastic syndrome (MDS), or with chronic myeloid leukemia in blast crisis (CML-BC) (3) (4) (5) . AME is an in-frame fusion of the AML1 and MDS1͞EVI1 genes (6) . AML1 (also known as RUNX1) is one of the most frequently translocated or mutated genes in human cancer (7) (8) (9) (10) (11) (12) . EVI1 is abnormally expressed in human MDS, AML, and CML-BC that are associated with the t(3,3)(q21q26) or inv(3)(q21q26) (3, 13, 14) . MDS1 is a gene of largely unknown function located upstream of EVI1. Mice transplanted with syngeneic bone marrow cells expressing the AME fusion gene develop a disease similar to human acute myelomonocytic leukemia (15) . In addition, AME has been shown to induce proliferation and inhibit differentiation in myeloid cells (16, 17) .
CEBPA plays distinct roles in the differentiation process of various cell types (18) (19) (20) (21) (22) (23) (24) (25) . In the hematopoietic system, CEBPA is expressed exclusively in myelomonocytic cells (18, 25) . Conditional expression of CEBPA is sufficient to trigger terminal neutrophil differentiation (25) (26) (27) (28) and block the monocytic differentiation program (25, 27) . In addition, no mature granulocytes are observed in cebpa knock-out mice, whereas all other blood-cell types are present in normal numbers (24) .
We showed previously that dominant-negative mutations of the CEBPA gene are found in a significant proportion of patients with myeloblastic subtypes (M1 and M2) of AML (29) (30) (31) . Furthermore, we demonstrated that the AML1-ETO fusion protein suppresses CEBPA expression (32) . Here, we found that AME suppresses CEBPA protein; in contrast to the AML1-ETO fusion, it fails to suppress CEBPA mRNA expression. We identified translational inhibition of CEBPA mediated by induction of calreticulin (CRT), a ubiquitous protein with calcium storage and chaperone function, as a mechanism involved in leukemia.
Materials and Methods
Patient Samples. Ficoll-separated, fresh, mononucleated peripheral blood or bone marrow cells of AML patients were collected at the time of diagnosis before initiation of treatment. Conventional cytogenetic analysis was performed in each patient (Table 1) .
Generation of Cell Line with Conditional AME Expression. The U937T cell line with the tetracycline transactivator under the control of a tetracycline-responsive element was obtained from Gerard Grosveld (St. Jude Children's Research Hospital, Memphis, TN). A 4.0-kb ScaI͞XbaI fragment of the pcDNA3 vector, containing the neomycin resistance gene, was ligated with the 0.95-kb ScaI͞XbaI fragment of the tetracycline-off response plasmid pTRE. A 5.2-kb EcoR1͞XbaI fragment encoding for the entire AME cDNA was introduced into the pTRE-neo plasmid. The plasmid was transfected into U937T cells by electroporation. Eighteen single-cell clones were tested for AME induction. The clone with the maximum increase of AME mRNA transcripts was selected for additional experiments.
Real-Time PCR and Sequencing. For isolation of total RNA, the RNeasy minikit (Qiagen, Hilden, Germany) was used. Real-time PCR was performed on the ABI PRISM 7700 sequencedetection system by using TaqMan Universal PCR Master Mix. For CEBPA and CRT mRNA quantitation by Assays-onDemand gene-expression probes (Applied Biosystems) were used. Primers for AME detection were targeting the AML1͞ MDS1 transition (Assays-by-Design gene-expression probes, Applied Biosystems). The primers were 5Ј-AACCACTCCACT-GCCT-3Ј and 5Ј-ATACCGTTGATGGGACTTTATGGAAA-3Ј, and the probe was 5Ј-FAM-CAGTCTACGTCTTACT-TAMRA-3Ј (FAM, 6-carboxyfluorescein; TAMRA, N,N,NЈ,NЈ-tetramethyl-6-carboxyrhodamine). 7S was used as reference gene. N-fold changes were calculated as: n-fold ϭ (Ct1 Ϫ Ct2) 2 ϫ PCR efficiency (Ct, cycle threshold). The PCR efficiency was calculated based on a standard curve. Sequencing of the CEBPA gene was done as described (29) .
Western Blot Analysis. CEBPA, CEBPB, CEBPE, granulocyte colony-stimulating factor (G-CSF) receptor, AME, and CRT proteins were detected with rabbit polyclonal antibody against CEBPA (1:500; Santa Cruz Biotechnology), a rabbit polyclonal antibody against CEBPB (1:1,000; Santa Cruz Biotechnology), a rabbit polyclonal antibody against CEBPE (1:1,000; Santa Cruz Biotechnology), a rabbit polyclonal antibody against G-CSF receptor (1:500; Santa Cruz Biotechnology), a rabbit polyclonal antibody against AML1B (1:500; Oncogene Science), and a rabbit polyclonal antibody against CRT (1:200,000; Sigma) followed by an IgGhorseradish peroxidase-conjugated secondary antibody against rabbit (Amersham Pharmacia Biosciences). A monoclonal anti-rabbit ␤-actin antibody served as a loading control (Sigma).
Electrophoretic Mobility Shift Assays. The G-CSF receptor promotor oligonucleotide (bp Ϫ57 to Ϫ38) had the sequence 5Ј-AAGGTGTTGCAATCCCCAGC-3Ј (the CEBP-binding site is underlined). An electrophoretic mobility shift assay was performed as described (25, 29, 32, 33) . Quantitative CEBPA-and CEBPBbinding activity was assessed further by using an ELISA-based assay (TransAM, Active Motif, Carlsbad, CA). Briefly, a 96-well plate was coated with the immobilized oligo 5Ј-CTTGCGCAATC-TATA-3Ј (the CEBP consensus binding site is underlined). Nuclear extracts were added together with a CEBPA antibody. Addition of a secondary antibody conjugated to horseradish peroxidase provided colorimetric quantitation by spectrophotometry.
UV Cross-Link Assay for CRT. A double-stranded RNA oligomer covering a CRT-binding site within the CEBPA mRNA was generated as follows: oligomer A (5Ј-CCCCACGGGCGGCGGCG-GCGGCGGCGACUU-3, containing CGG repeats) and oligomer B (5Ј-UAACCAGCCGCCGCCGCCGCCGCCGCCGCCGCCC-3Ј, containing CCG repeats) were annealed. The double-stranded oligomers were separated from single-stranded oligomers by gel electrophoresis and subsequent extraction. The double-stranded oligomers were labeled by using [␥-32 P]ATP, and equal amounts were incubated with whole-cell protein extracts for 30 min at room temperature and subjected to UV treatment for 5 min at 125 mJ (34) . After electrophoresis, the proteins were transferred to the membrane and autoradiographed.
RNA Interference. CRT small interfering RNA (siRNA) (Ambion, Austin, TX) had the sequences 5Ј-GGAGCAGUUUCUGGACG-GATT-3Ј and 5Ј-UCCGUCCAGAAACUGCUCCTT-3Ј. As control, the Silencer negative control no. 2 siRNA (Ambion) was used. U937 AME cells were set to a density of 1.4 ϫ 10 6 in 100 l of Amaxa solution V (Nucleofector kit V, Amaxa, Cologne, Germany) and mixed with 800 ng of siRNA. Cells were transfected by electroporation applying NUCLEOFECTOR TECHNOLOGY (software version 2.1, Amaxa, Gaithersburg, MD).
Statistical Analysis. Mean and SD were calculated. Statistical analysis was performed by using the Mann-Whitney rank sum test (SIGMASTAT 3.0).
Results

Conditional Expression of AME Suppresses CEBPA Protein in U937
Leukemic Cells. We established single-cell clones of the myeloid leukemic cell line (U937) that conditionally express the AME protein after withdrawal of tetracycline. Real-time PCR analysis showed in 4 of 18 clones a Ͼ10-fold increase of AME mRNA transcripts 48 h after withdrawal of tetracycline. No morphological changes were observed after the induction of AME (data not shown). The clone selected for the experiments in this study showed an increase in AME mRNA expression of 25-fold on day 2 (Fig.  1A) . However, no CEBPA mRNA changes were observed (n-fold range, 1.03-1.37; three independent experiments) ( Fig. 1 A) . On day 2, the median absolute cycle threshold values for AME and CEBPA were 21.7 (SD, 0.1) and 18.4 (SD, 0.3), respectively. We thus concluded that forced expression of AME had no effect on CEBPA mRNA levels.
Western blot analysis verified the induction of the 200-kDa AME protein (Fig. 1B) . In contrast to CEBPA mRNA levels, CEBPA protein was rapidly suppressed after AME induction (Fig. 1B) . The blot was subsequently incubated with antibodies against other CEBP family members and the G-CSF receptor (Fig. 1B) . CEBPB protein remained unchanged after AME induction, consistent with findings after AML1-ETO induction (32) . CEBPE is reported to be a downstream target of CEBPA (29, 32) . As expected, we observed a marked decrease in CEBPE protein after AME induction. In addition, the G-CSF receptor protein as another direct target of CEBPA (24, 32, 33) was similarly suppressed after AME induction. To ensure that the induction of the tetracycline system itself had no effect on CEBPA mRNA and protein levels, parental U937 cells with the tetracycline-transactivator constructs but lacking the AME cDNA were analyzed. Indeed, no changes on CEBPA mRNA and protein levels were detectable after withdrawal of tetracycline (data not shown).
To investigate CEBPA DNA-binding activity, we performed gel-shift analyses. In unstimulated U937 cells, almost the entire binding activity to a CEBP site in a downstream target such as the G-CSF receptor promoter is contributed by CEBPA (33) . Starting 24 h after AME induction, we observed a consistent decrease of CEBPA binding to this site. At day 3, binding activity was hardly detectable (Fig. 1C) , which is equivalent to a 93.6% reduction of binding activity as further verified by the TransAM assay (Fig. 1D) . In contrast, we observed no changes in DNA-binding activity in the parental U937T cells after withdrawal of tetracycline (data not shown). In conclusion, these experiments confirm that AME indeed suppresses the CEBPA-protein production and function.
CEBPA Protein Is Specifically Suppressed in AML Patients Carrying the AME Translocation. We aimed to verify the results obtained in induced U937 cells in malignant cells from eight patients carrying the AME translocation. We compared them to nine AML patients with a normal karyotype. As assessed by direct sequencing, none of the patients had CEBPA mutations. Real-time PCR analysis demonstrated similar CEBPA mRNA levels (P ϭ 0.779) in AML patients with the AME translocation and with a normal karyotype ( Fig. 2A) . Again, no CEBPA protein was detectable by Western blot in any of the samples with the AME translocation. In contrast, significant amounts of CEBPA protein were seen in AML patients with a normal karyotype (Fig. 2B) .
We analyzed patient samples with and without the AME translocation for their binding activity to a CEBP consensus binding site by using the TransAM assay. We found a dramatically reduced CEBPA-binding activity (92.1% reduction) in the eight samples with the AME translocation as compared to AML patients with a normal karyotype (Fig. 2C) . In contrast, no difference in binding activity was observed for CEBPB (P ϭ 0.29) (data not shown).
These results suggest that the leukemic fusion protein AME suppresses CEBPA protein and DNA-binding activity. In contrast to our previous findings with the AML1-ETO fusion (32) , no changes on CEBPA mRNA levels were detected after induction of AME. We therefore conclude that a posttranscriptional mechanism must be involved in the regulation of CEBPA in AML with AME.
CRT Levels and Activity Are Increased After Conditional Expression of AME in U937 Cells and in AML Patients with AME. There are only a few reports about mechanisms involved in posttranscriptional regulation of CEBPA (34) (35) (36) . It has been shown that the poly(rC)-binding protein hnRNP E2 inhibits CEBPA expression at the translational level in patients with CML-BC but not in those in the chronic phase of CML (CML-CP) (36) . In contrast to patients with CML-BC, we observed no changes of hnRNP E2 mRNA and protein expression as assessed by real-time PCR and by Western blot analysis in U937 cells following AME induction (data not shown).
CRT has been reported to interact with CEBPA mRNA and thereby to repress translation of the CEBPA protein (34) . We therefore hypothesized that the posttranscriptional downregulation of CEBPA after conditional expression of AME might be caused by an increase of CRT expression and͞or activity. Real-time PCR measurements of CRT mRNA transcripts showed a 4.4-fold increase on day 2 (Fig. 3A) . Western blot analysis of whole-cell lysates further demonstrated an increase of CRT protein after induction of AME (Fig. 3B) .
CRT activity can be measured by UV cross-linking, thereby enabling visualization of the direct interaction of CRT protein to a CRT-binding site within the CEBPA mRNA (34) . Fig. 3C gives evidence of a dramatic increase in CRT activity starting early on day 1 after induction of AME (14.8-fold up-regulation). Finally, we detected increased CRT activity in patient samples carrying the AME translocation (12.2-fold) compared to AML patients with a normal karyotype (Fig. 3D ). In conclusion, results obtained from patient samples and cell lines indicate that CEBPA-protein and -binding activity seem to be regulated on a translational level by modulation of CRT protein and activity.
We also tested in a single-cell assay whether overexpression of CRT in U937 cells inhibits CEBPA translation in these cells. To visualize cells expressing CRT, U937 cells were cotransfected with CRT and with a vector expressing GFP at a 10:1 ratio. Under these conditions, each green cell containing GFP is assumed to express CRT (Fig. 3E) . We observed that expression of CRT in U937 cells inhibits translation of CEBPA. This CRT-dependent inhibition of CEBPA translation is specific, because GFP alone does not affect CEBPA expression. We examined the levels of CEBPA in 100 cells transfected with CRT, and we found that CEBPA expression was inhibited in 85 of the cells. Similar analysis of CEBPA protein in 100 cells transfected with GFP alone showed only nine cells with reduced levels of CEBPA (Fig. 3E) . Interestingly, no differences in CEBPA mRNA levels using real-time PCR were detected between U937 cells transfected with or without CRT (data not shown). Thus, these studies indicate that overexpression of CRT blocks translation of CEBPA in U937 cells.
Inhibition of CRT by siRNA Restores CEBPA Protein Levels in AME U937
Cells After Induction of AME. The experiments described above suggest that CEBPA suppression is mediated by modulation of CRT. We therefore hypothesized that functional knock-down of CRT by siRNA might be able to restore efficient CEBPA translation. We thus induced the AME protein and transfected siRNA designed to target CRT. We observed an 87% knock-down of CRT mRNA levels 48 h after transfection (Fig. 4A) . Moreover, CRTprotein suppression was also evident 48 h after siRNA transfection (Fig. 4B) . The block of CRT-protein expression was equally observed in U937 cells after AME induction as well as in the parental U937T cells.
Most interestingly, transfection of CRT siRNA prevented suppression of CEBPA protein after AME induction (Fig. 4B) . CEBPA-protein levels after inhibition of CRT by siRNA even exceeded the levels of U937 cells before AME induction (Fig. 4B) . In addition, the block of CRT in U937T cells (thus in the absence of AME) also resulted in a significant increase of CEBPA protein.
However, and in contrast to CEBPA, no significant changes in Fig. 2 . CEBPA protein is specifically suppressed in AME patients. Eight patient samples carrying the AME translocation and nine AML patients with a normal karyotype were analyzed. (A) Real-time PCR analysis of CEBPA levels from AME patients and AML patients with a normal karyotype. Mean and SD (error bars) are shown. (B) Western blot analyses from lysates of three AME patient samples and of three representative AML patients with a normal karyotype. The same membrane was incubated with an antibody against ␤-actin for control (Lower). (C) CEBPA-binding activity was measured by using the TransAM assay. Mean and SD (error bars) are shown.
CEBPB expression were observed. We therefore conclude that CRT in myeloid cells indeed is a potent inhibitor of CEBPA translation.
Discussion
Here we show that the myeloid transcription factor CEBPA is specifically suppressed in AML patients carrying the AME translocation. We also demonstrate that this suppression is mediated on a translational level and is caused by CRT, a putative inhibitor of CEBPA translation (34) .
Previous reports by us and others have pointed to a crucial role of CEBPA in the pathogenesis of AML (29, 32, 36) . In particular, the CBF complex seems to target CEBPA (32) . Chromosomal abnormalities affecting AML1B͞RUNX1, one of the two subunits of the transcription factor CBF, have been shown to suppress CEBPA transcription (32) . Here we focused on the AME translocation. Because the AME fusion equally affects the AML1 gene (the DNA-binding subunit of the CBF complex), our findings further support the hypothesis that CBF leukemias target the myeloid key transcription factor CEBPA and that this pathway may contribute to the differentiation block seen in these particular subsets of AML.
The mechanisms of how the AME fusion contributes to leukemogenesis are largely unknown. Expression of AME has been reported to increase proliferation and abnormal differentiation in 32D cells and in murine bone marrow progenitors (17, 37) . Furthermore, it has been shown that AME inhibits the antiproliferative effect of transforming growth factor ␤. It also blocks the granulocytic differentiation of IL-3-dependent 32D cells when stimulated with G-CSF (16, 17) . In addition, AME seems to require functions and͞or functional cooperation of both aml1 and evi1 to induce AML in mice (38) . However, the target genes involved in the differentiation block seen in AME leukemias remain unknown.
In murine transplant models, AME can induce a disease similar to human acute myelomonocytic leukemia (15) . Coexpression of bcr-abl and ame fusion genes in mice rapidly induces AML, suggesting that a cooperation between mutations that dysregulate tyrosine kinase signaling (bcr-abl) and those that disrupt differentiation (ame) is necessary (39) . Interestingly, in CML-CP, CEBPAprotein levels are normal, whereas patients with CML-BC have suppressed CEBPA protein, thereby possibly contributing to the differentiation block seen in CML-BC but not in CML-CP (36) . Because AME does occur in patients with CML-BC, but not in CML-CP, one could speculate that the block in differentiation observed in patients with AME in CML-BC might be caused by CEBPA suppression. Moreover, a recent report suggests that restoration of CEBPA in a BCR-ABL-positive cell line rapidly induces terminal granulocytic differentiation (28). 3 and 4) . Coomassie blue staining is depicted as a control. (E) U937 cells were transfected with GFP expression plasmid or GFP and CRT expression plasmids. Forty-eight hours after transfection, the expression of CEBPA was examined by immunostaining for CEBPA (Top). Levels of CEBPA expression were determined in 100 cells transfected with CRT and GFP and in 100 cells transfected with GFP alone (Bottom). DAPI, 4Ј,6-diamidino-2-phenylindole.
Various mechanisms have been reported thus far to account for a disruption of CEBPA function in AML patients. We and others have reported that wild-type CEBPA function is abrogated in some AML patients by dominant-negative mutations in the CEBPA gene (29) (30) (31) . We have further shown that CEBPA expression can be inhibited by AML1-ETO on the transcriptional level by suppressing its autoregulatory loop (32) . Furthermore, a recent report indicates that CEBPA expression in AML is abolished at the RNA level by the tyrosine kinase receptor FLT3 (40) . In addition, CEBPA function seems to be inhibited by phosphorylation at Ser-21 mediated by overexpression of FLT3 or by FLT3 mutants (41) . Posttranscriptional modulation of CEBPA is involved in patients with CML-BC through the inhibitory action of the poly(rC)-binding protein hnRNP E2 by direct interaction with the upstream ORF of CEBPA (36) . A novel posttranscriptional mechanism for the modulation of CEBPA and CEBPB expression in HeLa cells was reported recently, involving the chaperone CRT (34) . CRT protein binds to GCN repeats in the CEBPA mRNA and thereby impedes translation of CEBPA mRNA. Our data suggest that in AME leukemias, this mechanism is involved in the suppression of CEBPA in vitro and in vivo, which highlights a role of RNA-binding proteins for modulation of CEBPA expression in AML. It also suggests the design of additional studies investigating the role of CRT in other subsets of AML.
The myeloid key transcription factor CEBPA is believed to suppress the leukemic phenotype through combined induction of direct transcriptional targets crucial for normal myeloid differentiation and inhibition of cell-cycle progression. We and others have shown in leukemic cells that restoring CEBPA expression is sufficient to induce neutrophil differentiation (25-29, 32, 40, 41) , thereby pointing to potential therapeutic implications. Here we report that the block of CRT expression by siRNA powerfully restores CEBPA expression. Therefore, modulation of CRT expression might be a potent target for subsets of AML in which CEBPA protein is suppressed. 
